Volume deficit of rectangular shape US 413 and US A356 cast aluminium alloy has been estimated in the present study. The decrease in specific volume directs to a volume deficit in castings and it has been shown as a defect. The volume deficit can be classified as macro cavities, internal porosity, surface sinking and volumetric contraction and measured using mathematical formulae; the actual volume deficit of the given casting was obtained by adding all the defects. Quantification of internal closed porosity has been addressed through X-ray computer tomography. The information regarding the volume deficit and its distribution is critical in minimizing casting defects.
Introduction
Shrinkage has been occurring due to the volumetric change that occurs when a liquid metal solidifies. Shrinkage occurs when a liquid metal solidifies and the density of the solidified metal is greater than the density of the liquid. The cast aluminum alloys are prone to defects, such as shrinkage, one of the chronic problems, which impact the quality of the castings. With increasing use of aluminum alloy castings, volume deficit characterization is useful for improving mechanical properties of the castings. By Volume deficit characterization study, will reduce in process rejections of aluminium alloy foundry.
Volume deficit or shrinkage occurs in metallic materials during freezing and cooling due to reduction in specific
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Quantification of volume deficit of rectangle shaped cast aluminium alloys volume. The volumetric reduction that occurs when a liquid solidifies is the reason for volume deficit and it has been seen in the form of defects as discussed in ASM Metals Handbook [1] . Li et al. [2] stated that the tendency for the formation of shrinkage porosity relates to both the liquid or solid volume fraction at the time of final solidification and the solidification temperature range of the alloy. A number of significant factors influence episodes of shrinkage in cast products as quoted by Sundarrajan et al. [3] . They are the thermal cooling conditions or use of chills, pouring temperature, casting shape, mould coat, mould type and alloy composition. As stated by Reis et al. [4] and Heine et al. [5] , the shrinkage porosity formation follows the physics principles and interactions among many physical phenomena such as heat transfer, fluid flow in the liquid Patterson and Engler have classified the volume deficit into four types, namely macro cavities, Vm; internal porosity, Vint; surface sinks, Vsinks; and volumetric contraction, Vcont as discussed in Sundarrajan et al. [3] . These are explained in Table 1 .
Experimental plan
For volume deficit the influencing parameters are alloy composition, shape of casting, mould coat, chill and pouring temperature. Alloy composition influences the casting characteristics, mechanical properties, defects and structure of the cast product. The chemical composition of the alloys has been given in Table 2 .
Casting shape is controlling the quality of the alloy [7] by influencing the amount of volume shrinkage. The rate of heat exchange depends on wall thickness of casting and its shape. Rectangular shape is considered for the present study. The dimensional details and pouring technique are provided at Table 3 .
Another processing parameter is bottom chill which shows significant influence on the casting characteristics and promotes directional solidification. Mild steel chill is considered for the present study. Table 4 provides the details of the number of experiments. 
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Vmould -Vedge [6] . When molten metal is poured at a particular pouring temperature into the mould, the metal cools to certain extent before the mould is filled so during pouring itself shrinkage occurs to a small extent. The effects of mould dilation and mould deformation which occur during the cooling of molten metal are to be considered. The volume deficit depends on both casting conditions and casting material. The volume deficit classification has been given at Fig. 1 .
Experimental studies
Alloys used in the present investigation are US 413 and US A356, the testing arrangement and schematic of the pouring basin and overflow core is given in Fig. 2 . Tooling for experiments overflow core, pouring basin and other details for this experiment and the assembled mould for volume deficit experiment is shown in Fig. 3 . The overflow core is placed over the mould in order to ensure that a fixed quantity of metal only is poured each time into the mould.
The moulds are provided with dowel pins for perfect matching of cope and drag. Moulds are prepared with slight ramming. The patterns have been stripped after 3 hours. Moulds are prepared using green sand process consisting of bentonite (5%-6% of sand weight) and water (5%-8% of sand weight). The moisture level is adjusted in such a way that compatibility measured with + GF + compatibility meter is maintained between 45% and 50%, permeability is maintained between 400 and 500 and green compression strength is in the range of 700-900 g/cm 2 . The mould hardness is in the range of 75-80 on B scale.
The alloys are melted in an electric resistance furnace of capacity 20 kg provided with mild steel crucible. Each alloy melting is done with their respective batch (belonging to same heat). Temperature is measured with the help of a thermocouple. The furnace is put off and the crucible is lifted and put in a tilting device. The metal is tapped into a smaller crucible for pouring into the mould. The pouring height is maintained constant to avoid turbulence and difference in surface oxidation and oxide pick-up. Fig. 4 shows the solidified casting of volume deficit characteristic experiment.
Results
Planned study of volume deficit is essential to minimize the casting defects. The defects occurred due to volume deficit have formed a large portion of rejections. The information regarding the total volume deficit and distribution is thus critical in minimizing casting defects. The defects can be minimized by reducing the total volume deficit, controlling and balancing the distribution of volume deficit using feeders and chills.
Estimation of volume deficit
The volume deficit is calculated by considering the following parameters:
a. When molten metal is poured at a particular pouring temperature into the mould, the metal cools to certain extent before the mould is filled. The assumption of instantaneous filling of mould is not realistic since shrinkage occurs to a small extent during pouring itself.
b. The effects of mould dilation and mould deformation which occur during the cooling of molten metal are taken into consideration in the volume deficit calculation.
Planned study of volume deficit is essential to avoid occurrence of defects/rejections. The defects can be minimized by reducing the volume deficit and also by controlling and balancing the distribution of volume deficit using feeders and chills. To minimize the casting defects information regarding the total volume deficit and its distribution is critical. Test castings were analyzed to determine the volume deficit and its distribution by using the following procedure. 
The surface sink is given by V sink = V edge -(V m + V)
4. The theoretical volume, V theor is obtained as follows
Theoretical maximum density is obtained from the chill specimen
The internal porosity V int is computed as
The volumetric contraction V cont is calculated as
V mould is the volume of the mould which has been calculated before pouring.
The volume deficit is given by
The volume deficit calculation for experimental run order 1 has been given below 
X-ray computer tomography
All the 4 castings were subjected to X-Radiography. For experimental run order 2, the macro shrinkage value or V macro is much less X-radiography revealed that this casting is showing internal gas porosity round 4, Grade 5 as per ASTM E155 [8] . By using the X-ray computer Tomography, quantification of internal closed porosity of castings was obtained. Quantification of internal closed porosity of the given casting was addressed using the XCT, non-destructive evaluation. XCT is a quantitative, NDE technique for reconstructing three dimensional models of defects using CAD. Quantifying internal closed porosity in foundry industry is quite an important aspect for which XCT can provide an effective evaluation means to improve product quality. The majority of common defects found in castings were porosity, both isolated and diffuse. XCT, modern tool has been utilized for quantification and morphology of casting pores. XCT was done using DRDL's indigenously developed 450 kV X-ray industrial computer tomography system. The system consists of a 450 kV X-ray source, 256 channel detector array with 18 bit dynamic range and a 6 axis mechanical object manipulator. The resolution of the system is 500 mm with 1 mm slice thickness [9, 10] .
The casting images produced from the XCT diagnostic analysis are not photographic images but digital recons tructions of XCT scan data. These images are thus capable of revealing features of interest on the surface or at any position within the interior bulk of the original casting. Shrinkage cavities are concentrated mainly around the center of the casting. XCT slices through several locations of both castings and is shown as a set of images. These images are projections of the casting, representing pixel by pixel the absorption coefficient of the material crossed by X-rays. From these scans, cross-section images (i.e., slices) of the material dimensions are obtained [11] .
For Exp run order 2 the starting location of the shrinkage pore is 26 mm from the flat bottom and it spreads up to 36 mm from the flat bottom. The images of Exp run order 2 at 32 and 34 mm from the bottom are shown at Fig. 5 . US 413 is a short freezing range alloy. The porosity or shrinkage for the experimental run order 2 is taking the form of large internal closed porosity. This is due to the inadequately feed thermal centers or because of the near the end of the solidification, the molten metal is cut off by the merging of parallel solidification fronts.
The XCT technique can visualize the porosity within the given slice and morphology of each individual pore. Typically pore sizes found in industrial casting are in the 10-10 3 mm size range. The XCT images may be imported into CAD software. It is difficult to output the volume of the internal closed porosity in the casting because it is 2D XCT. Therefore, the shrinkage pore areas of the XCT image at various locations are imported into solidworks software. The large tolerance level in (0.1 mm) foundry process is the same as that in XCT [11] . XCT data was converted to solid model part (sldpart) file format. Fig. 6 shows constructed porosity of the Exp run order 2 using Solid Works software.
Total volume of Internal closed porosity of the given casting from 26-36 mm is given below in Table 6 .
The casting samples were sectioned based on the XCT data to show the actual Internal closed porosity. For measuring the volume of the Internal closed porosity of the casting it is kept under a burette and distilled water is dropped into the cavity till it is completely filled [3] . The titration reading gives the volume of the Internal closed porosity of the respective casting and these are in agreement with XCT data as shown in Table 7 .
The internal closed porosity values of experimental run order 2 was used for calculating the total volume deficit of the same. The total volume deficit of this casting is given in Table 8 . 
Analysis of results
US A356 is promoting more amount of volume deficit compared to US 413 cast aluminium alloy as shown in Tables 5 and 8 . For long freezing alloys the liquid metal flow comes to an end at the leading tip of the flowing metal stream. When the solute concentration is increased, the solidification mode changes from growth of columnar grains with more or less planar front to the formation of equiaxed dendrites. These columnar grains flow downstream with the liquid metal till a critical fraction solid is reached and the metal flow ceases by choking at the tip of the solidifying metal as shown in the Fig. 7 . These alloys solidify in mushy mode (solidified when nets of highly developed dendrites appear), which are spread over large part of the mould.
In short freezing range alloys, liquid metal enters in a mould (sand mould) and solidification initiates at mould wall. Table 8 -Volume deficit for experimental run order 2. Solidification continues by the formation of columnar grains with a planar boundary as metal flows through the mould. Liquid metal flow comes to an end when columnar grains meet and the pinching by the grains from the mould wall ceases the flow as shown in the Fig. 8 . So the solidification process does not prevent the flow of molten metal through the cross section of the mould. The molten metal flows through the mould until practically the whole alloy becomes solid.
Influence of bottom chill
To control the solidification of the liquid metal, it is possible to place the metal plates and chills in the mould. The associated rapid local cooling results a finer-grained structure and may form a somewhat harder metal at these locations. In ferrous alloy foundry, the effect is similar to quenching metals. In general, metals chills are used to promote directional solidification of the casting. By controlling the way a casting freezes, it is possible to prevent internal voids or porosity in the castings. Usage of chills can reduce the number of risers, there by the scrap rate. This result increased yield and reduced finishing as well as operation cost. Chills influence the shrinkage behavior of the molten metal. The bottom chill reduces the total volume deficit is shown at Fig. 9 . The interface becomes significant when the metal and chill have reasonably good rate of thermal conductance. Bottom chill extracts heat transfers and dissipates it to the surroundings from the casting. The efficiency of the chill depends on the amount of heat it extracts from the casting. However, there is an increased rate of heat extraction from the metal due to compensation of solidification shrinkage during the pouring time of molten metal. Presence of bottom chill change temperature and pressure gradient, which reduce the driving force for shrinkage formation. Bottom chill reduces the formation of hydrostatic tensions in the interior of the casting, which in turn minimizes the nucleation and growth of shrinkage. So this results in reduction in total volume deficit for US 413 and US A356.
Conclusions
The following conclusions can be drawn from the present investigation.
• Volume deficit was categorized as macro cavities, internal porosity, surface sinking and volumetric contraction.
• Macro cavities, volumetric contraction, internal porosity and surface sinking values were quantified using appropriate mathematical formulae.
• US A356 cast aluminium alloy is promoting more amount of volume deficit. Internal closed porosity of US 413 casting was calculated using the X-ray computer tomography and it is successfully validated through sectioning of the casting.
• The bottom chill reduces the total volume deficit for both alloys by extracting heat locally.
